Abstract: Primary sweep efficiency in carbonate reservoirs is low due to the low contribution of the matrix in production. Also, due to unfavourable mobility ratio, secondary recovery is not also effective. Hence, design and application of an effective enhanced oil recovery method is essential to improve recovery. Different methods such as water injection, gas injection, chemical injection, thermal, and a combination of these methods such as water alternating gas (WAG), simultaneous WAG (SWAG), selective simultaneous WAG (SSWAG), foam injection, and foam-assisted WAG (FAWAG) are applied to improve the recovery efficiency in naturally fractured reservoirs. In this paper, selection of the best EOR method and well pattern for a naturally fractured reservoir is studied to reach the highest net present value (NPV) and field oil recovery efficiency (FOE). Results showed that the FAWAG process in a five-spot well pattern with 22.7% oil recovery efficiency is the best technical and economical method.
Introduction
Naturally fractured reservoirs consist of two different types of porous media: a matrix which has low permeability and high porosity, and fracture networks which contain high permeable media with low porosity. Generally, after primary recovery in these reservoirs a large amount of oil is trapped in the reservoir due to the low displacement in the matrix. Therefore selection of a suitable enhanced oil recovery (EOR) procedure to impress the matrix for higher recovery is very important (van Golf-Racht, 1982) .
In many EOR projects, gas injection is used as a common method of increasing recovery. In naturally fractured reservoirs, due to their special characteristics, application of gas injection is not successful. Natural phenomena such as gas channelling, viscous fingering, and gravity override due to high heterogeneity, as well as the presence of fracture networks, affect the performance of the gas injection. Thus, utilisation of new EOR methods such as water alternating gas (WAG), simultaneous WAG (SWAG), selective simultaneous WAG (SSWAG), and also chemical EOR such as foam flooding and foam assisted WAG (FAWAG) is necessary to improve the performance of gas flooding.
During the WAG injection operation, gas tends to upthrust of the reservoir due to the gravity difference. Hence, unfavourable sweep efficiency and early gas breakthrough occur because of the low macroscopic displacement efficiency of the gas, despite the microscopic displacement efficiency in this section being good, thus residual oil saturation is low. In addition, due to gravity, water tends to displace oil in the lower parts of the reservoir. In this region microscopic displacement, unlike macroscopic displacement, is low which leads to higher residual oil saturation. In the WAG process, as a mixing zone for three phases is formed, the residual oil saturation is lower than the pure water flooding and early breakthrough of gas is delayed compared to pure gas injection. The larger this mixing zone, the higher the efficiency of the process is (Teigland and Kleppe, 2006) .
Application of new approaches such as FAWAG and SWAG improves the performance of the WAG operation. For example, by using SWAG the size of the mixing zone increases, more oil comes into contact with the injection fluids and a higher ultimate recovery factor is achieved. SWAG injection also accelerates oil production compared with WAG injection, as during SWAG methods all pores are displaced at the same time, which leads to a higher ultimate recovery factor in comparison to the WAG method. In the FAWAG method, application of foam improves the gas mobility control and sweep efficiency, but the uncertainty in the foam performance is very essential in the field application and different parameters such as foam generation and reservoir complexity may affect the recovery in the real situation.
An extensive review of the WAG process for 60 fields shows an average of a 5% increase in oil recovery after water flooding, although recoveries up to 20% have been reported in many fields such as Dollarhide, Rangely Weber and Slaughter Estate (Christensen et al., 2001) . Reports of SWAG process simulation and pilot tests in Kuparuk field also show the incremental recovery of 5% OOIP after water flooding and GOR control at 6 MSCF/STB in this field Ma et al., 1995) . An example of a major IOR project with foam is the Snorre field foam project. In this field, two foam pilot projects were implemented successfully. One project was employed for GOR reduction in production wells and the other was employed to control gas mobility with FAWAG flooding. Total oil production increased in this field from 217,000 SM3 to 650,000 SM3 due to the application of FAWAG in comparison to conventional WAG flooding (Blaker et al., 1999 (Blaker et al., , 2002 Aarra and Skauge, 2000; Skauge et al., 2002) .
In this paper, we will evaluate different EOR methods for reservoir development for a naturally fractured reservoir with high heterogeneity and complex behaviour. Different injection scenarios and well pattern strategies were studied and modelled to find the optimised approach for the EOR in this fractured reservoir. Our model is coupled with an economical model to optimise the recovery efficiency (FOE) and net present value (NPV) for the studied field. Our simulation approach to rank different methods and select the best method for EOR application can be used for similar naturally fractured reservoirs.
Field description
The R oil field is an asymmetrical anticline about 10 km in length and 6 km in width located in the Asmari formation group. The formation consists of upper and lower Asmari formations with dolomitic and dolomitic carbonate rock types. This field started production with primary recovery in 2007. The calculated oil in place by IRAP software was 54.8 MMSM3, but the confirmed value by simulation software is 54 MMSM3. At the end of 2,381 days of primary recovery, ultimate oil recovery efficiency was 8.25%. Hence, this field was selected for the EOR process feasibility study. During primary recovery, as the reservoir pressure declined for 1.2 MPa, the reservoir changed from an under-saturated to a saturated state and a free gas cap formed. Hence, the drive mechanisms of this reservoir are a combination of partial aquifer support, gas cap expansion, and gravity drainage. The main rock and fluid properties are shown in Table 1 .
Model description
Geological indications and the well drilling information show that the reservoir is naturally fractured. The static model is generated by 12,550 grid blocks with dimensions of 35 × 35 × 10. Corner point geometry was selected due to it higher accuracy. Dual porosity/dual permeability behaviour was chosen to represent the fracture system. Figure 1 shows the 3D model and location of four producer wells in the reservoir. The model was run for 15 years on an Eclipse 100 black-oil simulator. A history matching study was done to verify the results of the simulator with the field data and match the production history data (Figure 2 ). Different parameters of matrix and fracture network in the fractured reservoirs are uncertain during reservoir simulation. To specify these parameters such as matrix block height, fracture porosity, and fracture permeability, sensitivity analysis method is used to study the effect of the mentioned parameters on the reservoir behaviour. The value which gives us the best match by the reservoir history is selected. We followed the same approach as shown in Figures 3 through 5 to estimate the fracture/matrix main parameters as shown in Table 2 . Table 2 The static model characteristics
Static model property Value
Block number in the direction of X 35
Block number in the direction of Y 35
Block number in the direction of Z 10
Average block length in the direction of X, m 139
Average block length in the direction of Y, m 130
Average block length in the direction of Z, m 70
Average matrix permeability in the direction of X, md 1.45
Average matrix permeability in the direction of Y, md 1.37
Average matrix permeability in the direction of Z, md 0.78
Average matrix porosity, % 6
Matrix block height, m 7.5
Fracture permeability, md 660
Fracture porosity, % 0.05
Dual porosity matrix-fracture coupling, 1/m2 0.80
Saturation data
In this reservoir, results of different routine and special core analysis tests showed that there are two formation types in the reservoir with nearly the same saturation end points. Hence, two relative permeability curves were used to simulate the fluid flow in the matrix. Water-oil and gas-oil relative permeability curves and water-oil and gas-oil capillary pressure curves for these two rock types are given in Figures 6 and 7, respectively. 
PVT data
Using the PVTi module of the Eclipse simulator, three parameter Peng-Robinson EOS and Pedersen et al. (1989) , viscosity correlation was used to match the PVT data of the reservoir fluid. In this study, we assume that only one type of fluid is flowing in the reservoir. Figures 8 and 9 show the results of the matching for the relative oil volume, gas-oil ratio, liquid density and liquid viscosity parameters. Miscibility estimation of injected gas and reservoir fluid by PVTi module showed that the first contact miscibility pressure (FCMP) and multiple contact miscibility pressure (MCMP) occur at 41.11 MPa and 38.60 MPa, respectively. Hence, in this case injection of gas occurred was at the immiscible condition. The injected gas was the natural gas provided from the adjacent fields and associated gas produced from the understudy field. 3 Simulation studies and results
Primary recovery
The primary recovery from the oil field started in 2007 with an average oil production rate equal to 2,390 SM3/Day, which is high due to the large productivity of fracture networks. During production, perforations with a high gas-oil ratio or water cut were closed. Hence, at the end of the primary recovery period the field gas-oil ratio reached 280 SM3/SM3 and field water cut was negligible at around 1.7%. In addition, ultimate oil recovery reached 8.2% of the original oil in place. Due to the decline in the production rate, as shown in Figure 2 , and low recovery efficiency, this field was selected as a candidate for the EOR feasibility study.
Enhanced oil recovery
In this work, after a simulation study on different well patterns, which will be discussed in the next section, a five-spot pattern was selected as the optimum well pattern, as shown in Figure 10 . Different secondary and tertiary recovery methods, such as water flooding, gas flooding, foam flooding, WAG flooding, SWAG flooding, SSWAG flooding, and FAWAG flooding were simulated. For each of these scenarios, the best design was selected to maximise the field oil recovery efficiency (FOE) after 15 years. Tables 3 and  4 show these optimum conditions and the operational criteria.
Figure 10
Top view of optimum well pattern with well locations Table 3 The dynamic model characteristics
Dynamic model property Value
Daily oil production rates, SM3 2,390
Minimum bottom-hole pressure, MPa 10.3
Injection pressure, MPa 27.6
Maximum field gas-oil ratio, SM3/SM3 446
Maximum field water cut, % 50 The results of the natural depletion simulation in the field showed continuing natural production after 15 years yielded 10.7% ultimate oil recovery of the original oil in place.
As the base case, the water flooding and gas flooding scenario simulations were completed. Due to the natural fractures in the field, early breakthrough of the injected water or gas was expected. The results of the water flooding simulation at different injection rates from 1,600 SM3/D to 4,800 SM3/D showed that the best ultimate recovery factor occurs at the injection rate equal to 3,975 SM3/D which is 21.5%. An increase of the injection rate to values higher than 3,975 SM3/D leads to a high water cut due to the early breakthrough of water through the fracture networks. Hence, perforations with high water production will be shut down. Therefore, oil production will be lower than optimum conditions. For the continuous gas injection scenario, the total injection rate was assumed to be between 140,000 SM3/D and 565,000 SM3/D. The best recovery occurs at a gas injection rate of 396,436 SM3/D which is equal to 15.1%. An increase of the injection rate to values higher than 396,436 SM3/D leads to an increase in the gas-oil ratio due to early gas breakthrough into the production wells through the fracture networks. Hence, perforations with high gas production will be closed, which affects ultimate oil production. Wettability of rock that is water-wet is the main reason for the comparatively high oil production during the water flooding process in comparison to gas flooding.
To improve the performance of the gas flooding, different scenarios to modify the gas mobility in the reservoir were studied. In the first approach, foam injection in the field is simulated. Foam modeling in ECLIPSE occurs according to below equations: 
passing through a volume element of rock during time increment dt, and Q g C f represent the foam travelling in the gas phase and Q w C f represent the foam travelling in the water phase and λ(S w , S o )VC f represent the foam decay due to oil and water over time and M rf is the foam mobility reduction factor. There are two approaches to model gas mobility reduction in the foam flooding scenario: tabular and functional models. In the tabular model, the mobility of the gas is calculated as a function of foam concentration, pressure and shear rate, while in the functional model foam flooding is modelled with a set of functions which represent the individual mobility reduction factors due to foam concentration, oil saturation, water saturation, and capillary number (Schlumberger, 2010) . Equation (1) apply for calculation of foam distribution in porous media as a tracer in the gas phase(tabular model) and equation (2) apply for calculation of foam distribution in porous media as a tracer in the water phase(functional model). In this work, foam model parameters selected identic with simulator default. In this case, the tabular model was used to simulate foam injection as foam is transported by the gas phase in the porous media. During foam injection, in comparison to CGI (continuous gas injection), gas mobility decreases. Hence, breakthrough is delayed and a higher gas flow rate can be injected into the reservoir. The results of the foam injection simulation in different concentrations of foam from 0.5 Kg/m3 to 5 Kg/m3 and different gas injection rates from 396,000 SM3/D to 906,000 SM3/D showed that the ultimate recovery factor for the best scenario is equal to 17.4% which occurs at a gas injection rate of 849,506 SM3/D and foam concentration of 1 Kg/m3. A higher gas injection rate leads to the early breakthrough of gas and a decline in recovery efficiency. Recovery efficiency is not a strong function of foam concentration around 1 Kg/m3. Hence, a 1 Kg/m3 concentration of foam is selected as the best scenario.
Implementation of WAG flooding instead of pure water or gas flooding affects the vertical and areal sweep efficiencies of the process. Simulations of WAG flooding for injection volumes of 0.2 PV and 0.5 PV and different WAG ratios of 1:1, 1:2, 1:3, 1:4, 1:5, 2:1, 3:1, 4:1, 5:1 and different WAG cycles of 3 months, 6 months, and 12 months showed that the best ultimate recovery factor is achieved with a 3-month WAG cycle (2 months water and 1 month gas injection period) in a 4:1 WAG ratio and at an injection volume of 0.2 PV which is equal to 19.7%. Higher recovery is due to the improvement of the microscopic and macroscopic displacement efficiency of the water and gas injection.
The accomplishment of SWAG and SSWAG flooding in comparison to WAG flooding has some advantages. The mixing zone is extended in this approach, which improves both macroscopic and microscopic displacement efficiency. As a result, higher ultimate oil recovery efficiency is achieved compared with the conventional WAG method. Simulations of SWAG and SSWAG flooding at injection volumes of 0.2 PV and 0.5 PV and different SWAG ratios of 1:1, 1:2, 1:3, 1:4, 1:5, 2:1, 3:1, 4:1, 5:1 showed that for the SWAG method the best ultimate recovery factor is achieved in a 2:1 SWAG ratio and at an injection volume of 0.2 PV which is equal to 20.8%, while for the SSWAG method the best ultimate recovery factor is achieved in a 3:1 SWAG ratio and at an injection volume of 0.2 PV which is equal to 21.7%. Better microscopic displacement of the water phase during SWAG improves the performance of the method. During the SSWAG process, injected gas moves deeper into the formation before complete segregation. The presence of water in the top sections of the reservoir delays the migration of gas to the top of the oil zone during SSWAG, which improves gas mobility and increases the ultimate oil recovery efficiency.
Application of the FAWAG method covers the advantages of both WAG flooding and foam flooding. For FAWAG simulation, we used a functional model of foam flooding due to it being more accurate Rudyk, 2012, 2014) . In this model foam is transported to the porous media by the water phase. The results of the FAWAG flooding simulation in injection volumes of 0.2 PV and 0.5 PV, different WAG ratios of 1:1, 1:2, 1:3, 1:4, 1:5, 2:1, 3:1, 4:1, 5:1, different WAG cycles of 3 months, 6 months, 12 months, and different concentrations of foam from 0.5 Kg/m3 to 5 Kg/m3 shows that the best ultimate recovery factor is achieved with a FAWAG process that had a 6-month cycle (3 months water and 3 months gas injection) in a 4:1 WAG ratio and at an injection volume of 0.2 PV and foam concentration of 1.5 Kg/m3 which is equal to 22.7%.
Microscopic and macroscopic displacement efficiency of the water and gas phases were improved by application of the FAWAG process. In addition, foam improved the gas mobility control, which decreases the gas-oil ratio and field water cut. Figures 11 and  12 show comparisons of the FAWAG method and base case for the gas-oil ratio and water cut parameters, respectively. Figure 13 shows total oil production for different EOR methods at optimum conditions. Obviously, the main reason for water flooding advantages related to gas injection, foam injection, WAG injection and SWAG injection in this field is the early breakthrough of gas, caused by the high fracture intensity of the reservoir, and subsequent increase of gas-oil ratio in these methods, which decreases oil production because of perforation shutting in production wells when GOR increases above the field GOR limit. Moreover, the wettability type of the reservoir rock helps to produce water cut control and to gain better oil recovery efficiency. 
Effect of well patterns on oil recovery efficiency
Selection of optimum well pattern is essential for a naturally fractured reservoir for any EOR process due to the high heterogeneity in the field. An unsuitable pattern leads to early breakthrough and a low recovery factor. In this work, several patterns, such as four-spot, five-spot, dual four-spot, dual five-spot, seven-spot, and nine-spot well patterns, were investigated for each EOR scenario, as shown in Figure 14 . We consider different parameters, such as distance equality between injectors and producers, permeability, transmissibility, porosity, and oil saturation distributions, for the determination of well locations simultaneously. The most important parameter is the distance equality factor (DEF) between injectors and producers and is defined as:
, , 100 1 ,
Average Di,p denotes the average distance between injectors and producers in each pattern, and Minimum Di,p denotes the minimum distance between injectors and producers in each pattern. Figure 15 shows the grid block size variation in different direction of the field. Determination condition of Average Di,p and Minimum Di,p parameters are shown in Figure 16 . DEF varies from 0% for unsuitable distance equality to 100% for favourable distance equality between injectors and producers. Higher DEF delays the water or gas breakthrough and improves the efficiency of the well pattern. The oil recovery efficiencies for all scenarios at different well patterns are shown in Table 5 . Delay of injection fluid breakthrough due to higher DEF leads to sweep efficiency and later breakthrough for the five-spot well pattern. A low number of wells in the dual five-spot and dual four-spot patterns led to unsuitable oil displacement caused by injection fluids in some regions of the reservoir. Additional specifications of different well patterns are summarised in Table 6 . 
Economic evaluation
To study and compare the NPV for each EOR scenario, we couple our reservoir model with an economical model. Figure 17 shows a schematic of the incomes and costs which were used in this economic study. For economic evaluation, NPV objective function is calculated based on a fixed annual effective discount rate as (Abukhamsin, 2009 ):
where n P Q indicates the production rate of phase p during the year n, C P denotes the unit profit or cost associated with this phase, i is the annual percentage rate (APR) and Y stands for the total number of discount years, and C d is drilling and completion cost, which can be neglected as no new well is drilled/completed during the EOR scenarios in the optimum pattern. Hence, the NPV will be as follows:
where C n is cash inflow after time n; for the entire production period, total cash inflow can be written as:
. .
Incomes Costs
Costs (FGIT USD SM3) (FWPT USD SM3) (FWIT USD SM3) (FTITFOA USD KG)
All of parameters applied in equations (7) and (8) Based on our economic calculations, the FAWAG flooding yields the highest NPV compared with other EOR processes. Figure 18 shows the results of NPV and FOE objective functions for different EOR processes. Thus, the FAWAG process from two points of view (technical and economical) is the best choice for EOR process application in this fractured field. Table 8 Economic parameters used for NPV calculation
Economic parameter Value
Oil selling price, USD/SM3 535
Gas selling price, USD/SM3 0.124
Gas injection cost, USD/SM3 0.131
Water production cost, USD/SM3 0.630
Water injection cost, USD/SM3 0.630
Foam injection cost, USD/KG 4.410
Figure 18
Comparison of NPV and FOE for different EOR methods
Conclusions
In this paper, a technical/economical approach is presented to select the optimum EOR scenario in a naturally fractured reservoir. Several gas/water/foam EOR methods, including FAWAG, SSWAG, SWAG, WAG, water flooding, foam flooding and continuous gas injection, were modelled in various well patterns to find the best scenario for the EOR. Finally, the FAWAG process in a five-spot well pattern with 12% increase in the FOE and 2.5 billion USD increase in NPV compared with natural depletion is selected as the best approach for this field.
The main problem with highly fractured reservoirs that have water-wet wettability is early breakthrough of gas and high gas-oil ratio in the gas injection. Hence, implementation of water injection will be more effective for matrix oil displacement, which in turn leads to better recovery efficiency. In addition, use of methods like FAWAG flooding is more effective due to gas mobility control.
In this reservoir, more contact occurs between the injected fluids and the oil zone during SWAG processes and a larger mixing zone appears in the reservoir. Hence, better macroscopic displacement caused by excellent microscopic displacement leads to the increased efficiency of these injection modes. During the FAWAG process, better mobility control of the gas phase occurs, which improves the macroscopic displacement of gas injection while still maintaining the advantages of WAG injection.
In this work, the study of different EOR methods in various well patterns showed that distance equality between injectors and producers has a major effect on well pattern selection.
Nomenclature

USD
The US dollar 
